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POROUS SYNTHETIC VASCULAR GRAFTS
WITH ORIENTED INGROWTH CHANNELS

CROSS REFERENCE TO RELATED
APPLICATTONS

The present application 1s a continuation of Provisional
U.S. patent application filed Nov. 23, 1998, assigned Ser.
No. 60/109,526.

FIELD OF THE INVENTION

This invention 1s directed to a vascular prosthesis having
oriented channel-porosity to allow for oriented mngrowth of
connective tissue into a wall of the prosthesis. Furthermore,
mechanical properties of the prosthesis are matched with
mechanical properties of a host vessel, thereby overcoming
problems of compliance mismatch.

BACKGROUND OF THE INVENTION

Vascular disease 1in small to medium diameter arteries
adversely affects arterial wall structure. As a result, blood
flow through the vessel 1s hindered either by total occlusion
or, 1n the opposite extreme, an acute over dilation of the
vessel (aneurysm). Such indications usually require recon-
structive or bypass surgery. The most successtul replace-
ments at present are autologous grafts (arteries and veins
taken from the host), but often these are too diseased or
unsuitable for use as an implant. There 1s thus a great need
for the development of a reliable small diameter vascular
prosthesis.

Over the last 40 years, considerable progress has been
made 1n the development of arterial prostheses. The modern
era of vascular surgery began 1n the early 1950°s, 40 years
after Carrel and Gutherie (1906) demonstrated that autolo-
gous velns could be used to replace arteries. With the advent
of antibiotics and anticoagulants 1n ancillary medicine, the
development of vascular prostheses prospered. The reversed
saphenous vein was soon considered the best artery replace-
ment and was used successfully 1n femoral artery replace-
ment by Kunlin 1n 1949. However, the need for a smaller
prosthesis led to further research by Gross and associates
involving homografts using sterilized tissue. Although early
results were encouraging, the long-term results were still
unsatisfactory, with the grafts often failing due to thrombosis
and aneurysm.

While pioneers such as Gross et al. (1948) continued to
work on hetero-and homografts, Voorhees made an impor-
tant observation 1 1952 that changed the direction of
vascular prosthetic development. After discovering that cells
orew on silk thread exposed to blood, he showed the
cffectiveness of synthetic textile or fabric tubes as arterial
replacements. A new era of vascular surgery began and the
scarch for the most suitable material and optimal structure
for a textile graft began. Experiments, even recently, have
investigated factors such as knitted or woven textiles, large
or small pores, different surface finishes and crimping and
external reinforcing.

Presently, the materials used for vascular implants are
tanned natural vessels, textile tubes made from woven or
knitted Dacron, or tubes made from expanded polytetratluo-
roethylene (e-PTFE). These grafts are successful for large
diameter artery replacement where there 1s a high blood flow
rate; but they have a much lower success rate 1n arteries with
a diameter less than 6 mm. These conventional prosthetic
vascular grafts do not permit unrestricted vessel ingrowth
from the surrounding tissue due mostly to ingrowth spaces
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that are either too narrow or discontinuous. All of the present
grafts eventually fail by occlusion due to thrombosis (fibrous
tissue build up), or intimal hyperplasia (exuberant muscle
growth at the interface between artery and graft).

Factors such as the thrombogenic nature of the graft
material, surface roughness, the mechanical and haecmody-
namic properties of the graft and the condition of the host
artery are known to influence the success of the graft.
Although the reasons for failure are not fully understood, it
1s largely agreed that compliance mismatch between artery
and graft 1s the predominant 1ssue surrounding the failure of
small diameter prostheses. Discontinuity in mechanical
properties between the graft and artery alters the blood flow
resulting 1n a fibrous tissue build-up leading to the complete
occlusion and hence failure of the graft.

One of the main reasons for a fibrous build up on the graft
1s the thrombogenic reaction of the blood with the graft
material. Much of the current research involves the devel-
opment of various polymers, especially polyurethanes, to
which biological coatings can be applied to improve the
stability of the graft in the body over long periods. Ideally
the graft should have an endothelial cell lining on the 1nner
wall. This prevents a reaction by providing a less thrombo-
ogenic flow surface for the blood passing through it. One way
of achieving this 1s through a porous graft structure. This, in
conjunction with suitable biological engineering, can induce
cell ingrowth through the wall leading to musculogenesis
and the eventual endothelialization of the inner surface.

Autologous grafts, such as the saphenous vein and the
internal mammary artery are still considered the best grafts
for the reconstruction of small peripheral arteries, but these
are often too diseased or unsuitable for use as a graft. None
of the present textile grafts (e-PTFE and Dacron) have
proved successful for long periods. Many approaches to
oralt production have been developed 1n an effort to create
a porous polyurethane artery graft. Indeed, 1t has been
shown that 1t 1s possible to create an initially compliant
porous graft. However, the long-term success of such grafts
remains to be proven. It has become apparent that the current
methods of graft construction are meffectual and a new
approach 1s necessary.

It 1s evident that the present small diameter grafts do not
provide an acceptable long-term patency. Although the
causes for failure are not immediately clear, it 1s apparent
that none of the previous prostheses have the same structure
as an artery or behave mechanically as an artery does. Apart
from the biological issues, which are arguably the most
important and complex 1ssues 1n graft design, one of the
central 1ssues 1nvolves understanding the mechanics of
arterial behavior. Recent investigations have addressed the
1ssue of compliance 1 an effort to create a structurally
similar graft, but compliance alone has not proved com-
pletely successiul. Thus, there 1s a need to develop a graft
that addresses the i1ssue of mechanical behavior through
structure. The graft structure should create an optimal strain
environment that will facilitate and encourage the develop-
ment and maintenance of endothelial and smooth muscle
cells 1n the vessel.

SUMMARY OF THE INVENTION

The present invention 1s directed to a synthetic vascular
oralt with helically oriented, interconnected transmural
ingrowth channels. Vascular tissues are mostly helically
arranged 1n the walls of natural arteries. This invention
allows for helically oriented ingrowth of connective tissue
into walls of synthetic graft prostheses 1n order to simulate
mechanical properties of natural vessels.
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Several different methods can be used to produce the graft
of the present invention. In one method, a tube 1s fashioned
from a graft material by coating an extractable fiber with a
solution containing a biocompatible material including the
oralt material, and then winding the fiber onto a mandrel 1n
a winding device. Precipitation of the solution and extrac-
fion of the fiber renders a tubular structure containing
helically oriented, interconnected transmural ingrowth chan-
nels 1n the tube wall suitable for use as a synthetic, small-
diameter vascular graft prosthesis.

In another method, a paste comprising a polymer solution
and an extractable filler 1s prepared and deposited 1n a layer
onto a mandrel. An extractable fiber 1s also wound onto the
mandrel. The paste and fiber can be applied to the mandrel
either simultaneously or successively alternating between
the paste and the fiber, until a desired thickness of the graft
1s achieved. Precipitation of the solution and extraction of
the fiber produces the graft of the invention.

An alternative method for making the invention involves
melt extrusion of a polymer containing strands of soluble
fiber, with or without physically or chemically blowing a
foamed tube.

With the foregoing 1n mind, it 1s a feature and advantage
of the invention to provide a synthetic vascular graft wherein
mechanical properties of the graft are matched with
mechanical properties of the host vessel, thereby overcom-
ing problems of compliance mismatch.

It 1s another feature and advantage of the invention to
provide a synthetic vascular graft that contains helically
oriented, mterconnecting, transmural ingrowth channels.

It 1s a further feature and advantage of the mvention to
provide a method for producing a synthetic vascular graft
that contains helically oriented, interconnecting, transmural
ingrowth channels.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic drawing of a preferred method of
producing the synthetic vascular graft of the invention.

FIG. 2 1s a schematic drawing of an alternate method of
producing the synthetic vascular graft of the invention.

FIGS. 3a—3/ are a series of perspective views of a mandrel
from FIG. 2 as the method 1s carried out.

DEFINITIONS

The term “extractable fiber” means any polymeric or
other fiber material that 1s soluble and extractable by a
solvent other than the solvent used for the graft material. The
fiber has a diameter ranging 1 size from 10 to 300
micrometers, more preferably from 40 to 110 micrometers.
The standard deviation of fibers used 1n this invention i1s
typically less than 20 micrometers, more preferably less than
10 micrometers. Examples of suitable materials include
alginate, gelatin, carbohydrates (sugar, dextrose, etc.), inor-
cganic and organic salts. Water soluble fibers are suitable
when water 1s the precipitation solvent and the fiber extrac-
tor.

The term “fiber extraction solvent” means any solvent
capable of dissolving the extractable fiber without adversely
affecting the graft structure. For example, water 1s a suitable
fiber extraction solvent for water soluble fibers.

The term “non-extractable fiber” means any polymeric or
other fiber material that 1s not extractable by the fiber
extraction solvent. The fiber 1s either elastic or non-elastic
non-degradable material, or a combination of elastic and
non-clastic materials. Additionally, a reinforcing material
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that 1s either elastic or non-elastic, and 1s degradable 1n vivo,
can be used in combination with the non-degradable mate-
rial to provide initial strength to the graft. The non-
extractable fiber typically has a diameter ranging 1n size
from 10 to 100 micrometers. Examples of suitable non-
clastic, non-degradable materials include polyethylene
terephthalate (PE'T, Dacron) and polytetrafluoroethylene
(PTFE). Examples of suitable elastic non-degradable mate-
rials mclude thermoplastic polyurethanes, e.g. M48, Pelle-
thane (or clones), Biomer (or clones), or any other biocom-
patible elastomer. Degradable polyurethanes can serve as
degradable reinforcing fibers.

The term “precipitation solvent” means any solvent that 1s
capable of precipitating the graft material from solution. The
precipitation solvent and the graft material solvent are
usually miscible 1 all proportions. Examples of suitable
precipitation solvents include: water, ethanol, acetone, or
combinations of any of these. The fiber extraction solvent
and the precipitation solvent may or may not be the same

solvent.

The term “graft material” means any polymeric or other
material that can be dissolved 1n a suitable solvent and
re-solidified after graft manufacture by air-drying, phase
inversion, or combinations thercof. Examples of suitable
oralt materials include: thermoplastic elastomers including
thermoplastic polyurethanes, e.g. Pellethane, Biomer type
polyurethanes, Chronoflex, and Hydrothane. In particular, a
polyurethane developed by Medtronic and described in U.S.
Pat. No. 4,873,308 1s an example of a suitable graft material.

The term “graft material solvent” means any solvent
capable of dissolving the graft material. Examples of suit-
able solvents for polyurethanes include: N-methyl pyrroli-
done (NMP), N,N dimethyl diacetamide (DMAC), 1,4

dioxane, etc.

The term “graft material solution” means a solution of the
oralt material 1n the graft material solvent 1n concentrations
ranging from 1 to 40% by mass, more typically 5 to 30% by
mass, usually 10 to 25% by mass.

The term “graft material paste” means an admixture
consisting of a graft material solution and an extractable
filler. The ratio of filler to polymer 1n the solution can range
from 20:1 to 1:1, more typically from 10:1 to 5:1 (ratios by
mass).

The term “chemical blowing agent” means any material
that decomposes to form a gas, e.g. CO, or N,, wherein the
oas creates pores 1n the graft material. Examples of chemical
blowing agents include sodium bicarbonate and azodicar-
bonamides.

The term “physical blowing agent” means either a liquid
or a gas that 1s mtroduced to molten graft material under
pressure, wherein evaporation of the liquid or expansion of
the gas creates bubbles that form pores 1n the graft material.
Examples of physical blowing agents include: chloro-fluoro
carbons (e.g. freon), pentane, and hexane.

The term “extractable filler” means any polymeric or
other filler material that 1s soluble and/or extractable by a
solvent other than the solvent used for the graft material. The
material 1s preferably spherical 1n shape with average diam-
cters ranging 1n size from 10 to 300 micrometers, more
preferably from 40 to 110 micrometers. The standard devia-
tion of the diameters of the pores 1s typically less than 20
micrometers, more preferably less than 10 micrometers.
Examples of suitable materials include protein beads, e.g.
alginate, gelatin, carbohydrates (sugar, dextrose, etc.), inor-
cganic and organic salts. Water soluble {fillers are suitable
when water 1s the precipitation solvent and the filler extrac-
tor.
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DETAILED DESCRIPTION OF THE
PRESENTLY PREFERRED EMBODIMENTS

This 1nvention 1s directed to an improved prosthetic
vascular graft having a synthetic scaffold of transmural
ingrowth channels which are characterized by an
interconnected, helical orientation. A process of producing
such channels 1n a synthetic scaffold can be achieved using
an extractable fiber. The product and process are explained
in detail below.

In order to promote ingrowth of connective tissue, 1t 1s
important that mechanical properties of the graft are closely
matched with mechanical properties of a host vessel, thereby
overcoming problems of compliance mismatch. Although
structure of blood vessels varies through a body, a “typical”
artery consists of three distinct layers, each performing
specific basic functions. An intima, consisting of an endot-
helium attached to a basement membrane, provides a non-
thrombogenic blood contacting surface. A media contains
smooth muscle cells (SMC’s) as well as elastic and other
intercellular connective and matrix materials, and supplies
two other important properties to a blood vessel, namely
compliance and contractility. In order to achieve these
properties, tissues are oriented 1n a helical fashion in this
medial layer. Another important property, namely structural
integrity, 1s provided by an advenftitia. A configuration of
collagen fibers 1n the adventitia provides for “stiffening” of
the vessel when subjected to high internal pressures, 1.€. a
decrease 1n compliance with increased strain.

The graft of the present mmvention has helically oriented,
interconnected, transmural ingrowth channels that corre-
spond to the helical arrangement of vascular tissues in the
walls of natural arteries. The graft structure thereby creates
an optimal strain environment that facilitates and encourages
the development and maintenance of endothelial and smooth
muscle cells 1n the vessel. By getting the smooth muscle
cells to grow helically on the graft along the spiral channels,
the graft acquires radial compliance and behaves like a real
blood vessel. To achieve high porosity, the channels should
be arranged at a very narrow angle, for example a 200
micron pitch. For larger wind angles, for example a 10 mm
pitch, multiple fibers, all the same or a combination of
soluble and reinforcing, can be wound around the graft to
form corresponding channels. The pitch can be varied
through the thickness of the wall by increasing or decreasing
the pitch at a predefined rate as one builds up the graft wall,
or alternating between two or more pitches in alternate
layers. Preferably, the channels have diameters 1n a range of
10-300 um, more preferably 1 a range of 40-110 um.

In designing the vascular prosthesis of the invention to
result in formation of a neo-artery mimicking the properties
of a natural vessel, material for the scaffold should have
biostability, processability, availability, and desirable
mechanical properties. The porous scaifold should provide
high porosity for maximal cell ingrowth and minimal bulk
compressibility (to allow for compressibility associated with
contractility). The prosthesis should have structural integrity
and viscoelastic properties similar to those observed for
natural vessels. Furthermore, 1n order to minmimize foreign
body reaction and to encourage differential cell ingrowth,
the scatfold materials should also exhibit long-term 1n-vivo
stability. Examples of suitable scaffold materials include
thermoplastic elastomers, particularly thermoplastic poly-
urethanes.

Because of their unique combination of physical, chemi-
cal and biocompatible properties, polyurcthanes are pre-
ferred for use as the primary scaffold material in the vascular

10

15

20

25

30

35

40

45

50

55

60

65

6

oralt of the invention. Enzymatic hydrolysis, auto-oxidation,
mineralization, and biologically induced environmental
stress cracking of polyester- and polyetherurethanes have
led manufacturers of medical polyurethanes to develop more
specialized formulations to prevent these occurrences.
Examples of particularly suitable medical polyurethanes
include Pellethane, Biomer type polyurethanes, Chronoflex,
and Hydrothane.

Helical channels are formed in the vascular graft by
winding an extractable fiber into the graft material before the
oralt 1s set. Fibers suitable for forming the channels include
alginate, gelatin, carbohydrates, inorganic and organic salts.
Seclection of a suitable fiber material to create the channels
requires careful consideration. The fibers can be round,
flattened round, or elliptical. A flattened round fiber provides
superior interconnectivity, but can be difficult to wind.

A multifactorial method (phase inversion/precipitation)
can be used to solidify the scaffold material around the
fibers. The solution properties of the fiber material are vital
parameters 1n the process because the fiber material must be
able to be solidified within the scaffold material and then
extracted with a solvent while the scaffold material remains
intact. The extractable fiber material should be non-soluble
in the solvent used to dissolve the scaffold material, readily
soluble 1n the precipitation solution, processable 1nto fibers,
and non-toxic. Furthermore, the fiber material should have
sufficient melt strength to be drawn down to desired dimen-
sions (within about +10 um of the desired dimensions) and
be strong enough 1n the fiber form to withstand winding. An
additional, non-extractable fiber can be used 1n the graft of
the 1nvention to provide structural reinforcement.

The wvascular graft of the present invention can be
achieved by forming interconnecting, helically oriented
channels 1 a wall of an elastomeric polymeric tubular
structure using extractable fibers to form the channels.
Suitable extractable fibers include those made from alginate,
oeclatin, carbohydrates, 1norganic and organic salts. The
fibers should have diameters of 10 to 300 micrometers, more
preferably 40 to 110 micrometers. Several different methods
can be used to produce these grafts.

The most preferred method for producing the grait of the
present invention 1s a fiber winding and extraction tech-
nique. This method 1s illustrated in FIG. 1. The method
involves assembling a mandrel 12 1n a custom-designed
winding device 10. The device 10 can be as simple as a
personal computer 11 attached to a controller 13 which 1s
further attached to two motors 15 and 17. One motor 1§
drives translational movement of the fiber 14, while the
other motor 17 drives rotation of the mandrel 12. The device
10 allows for accurate control over winding speed and
position of the rotating mandrel 12 and translational move-
ment of the fiber 14, thereby allowing for the accurate
placement of wound fibers on the mandrel 12. The mandrel
12 has a diameter corresponding to a desired internal diam-
cter of a resulting graft. The internal diameter of the graft is
preferably between 1 mm and 20 mm, more preferably in the
range of 2 to 6 mm for small diameter vessel replacement.

Once the winding device 10 1s assembled, an extractable
fiber 14 1s coated with a solution 18 containing a biocom-
patible material. The extractable fiber 14 1s made of alginate,
oeclatin, carbohydrates, or other soluble polymers, for
example. The coating solution 18 includes a suitable graft
material dissolved in a suitable graft material solvent. The
coating solution may additionally contain soluble particulate
fillers, such as microbeads, allowing for the creation of both
spherical and channel-like porosity in the same graft. Suait-
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able graft materials include thermoplastic elastomers, par-
ficularly thermoplastic polyurethanes, such as Pellethane,
Biomer type polyurethanes, Chronoflex, Hydrothane,
Estane, Elast-Eon, Texin, Surethane, Corethane,
Carbothane, Techoiflex, Tecothane and Biospan. Suitable
oralt material solvents for polyurethanes include N-methyl
pyrrolidone (NMP), N,N dimethyl diacetamide (DMAC),
1,4 dioxane, etc. Concentration of the graft material in the
oralt material solvent ranges from 1 to 40% by mass, more
typically 5 to 30% by mass, usually 10 to 25% by mass. The
concentration depends on various factors, including compo-
sition of the graft material, composition of the graft material
solvent, and viscosity of the solution. After the fiber 14 is

coated, the fiber 14 1s wound onto the mandrel 12.

An additional non-extractable fiber 16 can also be wound
onto the mandrel 12 for reinforcement. The non-extractable
fiber 16 can be either elastic or non-elastic, or a combination
of elastic and non-elastic materials. Additionally, a reinforc-
ing material that 1s either elastic or non-elastic, and 1is
degradable 1in vivo, can be used in combination with the
non-degradable material to provide initial strength to the
orait. The remnforcement material that i1s degradable 1n vivo
degrades as the graft 1s populated by ingrowing cells and
accompanying extracellular matrix material. Ingrowing
material tends to stiffen the graft; therefore, a degradable
fiber can be used to give 1nitial strength to the graft without
making the graft overly stiff after ingrowth. The non-
extractable fiber 16 typically has a diameter ranging 1n size
from 10 to 100 micrometers. Examples of suitable non-
clastic non-degradable materials include polyethylene
terephthalate (PE'T, Dacron) and polytetrafluoroethylene
(PTFE). Examples of suitable elastic, non-degradable mate-
rials include thermoplastic polyurethanes, e.g. M48, Pelle-
thane (or clones), Biomer (or clones), or any other biocom-
patible elastomer. Degradable polyurethanes can serve as
degradable remnforcing fibers 16.

Tension on the extractable fibers 14 ensures “touching” of
intersecting fiber strands, thereby ensuring communication
between helical channels when the fibers 14 are extracted.
The coating solution 18 1s then solidified by phase
precipitation, wherein the graft 1s immersed 1nto a precipi-
tation solvent, and/or by drying. Examples of suitable pre-
cipitation solvents include water, ethanol, acetone, or com-
binations of any of these. The extractable fiber 14 1s
extracted by applying a fiber extraction solvent to produce
channels 1n the space occupied by the fiber 14.

Another method for producing the graft of the mvention
1s a melt extrusion technique with oriented fibers. In this
method, a molten grait material containing chopped strands
of extractable fibers 1s extruded from an extrusion die
specially adapted to orient fibrous fillers 1n an extrudate. The
extrusion results 1n a tubular structure having an internal
diameter preferably between 1 mm and 20 mm, more
preferably 1n a range of 2 to 6 mm for small diameter vessel
replacement. The graft material can also contain additional,
non-extractable fibers for reinforcement. Physical and/or
chemical blowing agents can be used to produce a foamed
oraft. In addition to choosing a suitable blowing agent,
extrusion conditions must also be chosen carefully 1in order
to avoid such obstacles as skin formation. There are various
types of post-treatment for converting closed cell foams to
open cell foams, which essentially entails removing a thin
membrane between the cells or pores. One method mvolves
heat treatment. By ftreating the closed cell foam 1n a
controlled, elevated temperature environment, it 1s possible
to melt the thin membrane without melting the rest of the
material. The temperature depends on the graft material.
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Another method for converting closed cell foams to open
cell foams 1s a mechanical method. By crushing the closed
cell foam between rollers or a similar device, the thin
membrane will rupture due to the pressure in the pore. A
third method 1s another mechanical method wherein explo-
sive gasses (e.g. stoichiometric ratios of O,/H,) are infil-
trated into the pores. The cells are ruptured by ignition of
these gasses. Yet another method 1s a chemical method
whereby the foam 1s subjected to hydrolysis, thereby
destroying the thinner membranes more rapidly than the
thicker ribs defining the pores. Any of these methods can be

used alone or in combination to produce open cell foams.

Yet another method for producing the grait of the inven-
fion 1s a particle and fiber extraction technique using a
layered method. This method 1s 1llustrated 1in FIGS. 2 and
3a—-3f. In this method, a paste 30 1s prepared from a graft
material solution and an extractable filler, wherein the graft
material solution comprises a graft material and a graft
material solvent. As in the coating solution of the fiber
winding and extraction technique, the suitable grait mate-
rials include thermoplastic elastomers, particularly thermo-
plastic polyurethanes, such as Pellethane, Biomer type
polyurethanes, Chronoflex, and Hydrothane; and suitable
graft material solvents include N-methyl pyrrolidone (NMP)
and 1-methyl-2-pyrrolidinone. Suitable materials for the
extractable filler include protein beads, ¢.g. alginate, gelatin,
carbohydrates, inorganic and organic salts.

A layer of the paste 30 1s deposited onto a mandrel 32
having a diameter about equal to a desired 1nternal diameter
of a resulting graft. The internal diameter of the graft is
preferably between 1 mm and 20 mm, more preferably in the
range of 2 to 6 mm for small diameter vessel replacement.
The paste 30 1s pressed onto the mandrel 32 with a roller 34.
An extractable fiber 36 1s wound onto the paste layer. The
extractable fiber 36 1s made of alginate, gelatin,
carbohydrates, 1norganic or organic salts, for example.
Additionally, a non-extractable fiber, as described in the
fiber winding and extraction technique, can be wound onto
the mandrel for reinforcement. Additional layers of the paste
30 alternating with additional layers of the wound extract-
able fiber 36, with or without a reinforcing fiber, are depos-
ited onto the mandrel 32 until a desired graft thickness is
achieved. The thickness of the paste 30 can vary from 0.1 to
5 mm, more preferably from 0.4 to 1.5 mm, depending on
the diameter of the graft. The graft can be made with as few
as two layers of the paste 30, with one layer of the wound
extractable fiber 36 between the two paste layers.

Progressive stages of the mandrel 32 as the method 1s
carried out are shown in FIGS. 3a—3f. FIG. 3a shows a {first
layer of paste 38 rolled onto the mandrel 32. In FIG. 3b, a
first fiber 40 1s wound onto the first layer of paste 38. FIG.
3¢ shows a second layer of paste 42 covering the first layer
of paste 38 and the first fiber 40. In FIG. 3d, a second fiber
44 1s wound onto the second layer of paste 42. FIG. 3¢ shows
a third layer of paste 46 covering the first two layers of paste
38 and 42 and the first two wound fibers 40 and 44. In FIG.
37, a third fiber 48 1s wound onto the third layer of paste 46.

The graft material solution 1s then precipitated by phase
precipitation, wherein the graft 1s immersed 1nto a precipi-
tation solvent, and/or by drying. Examples of suitable pre-
cipitation solvents include water, ethanol, acetone, or com-
binations of any of these. The extractable fiber 36 and
extractable filler are extracted, either simultaneously or
consecutively, by applying a fiber extraction solvent to
produce channels 1n the space occupied by the extractable
fiber 36. A filler extraction solvent can be the same solvent
as the fiber extraction solvent, and may vary only 1n
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temperature, €.g. a cold water filler extraction solvent and a
warm water fiber extraction solvent. The precipitation and
extraction can be effected either simultaneously or consecu-
fively.

A further method for producing the graft of the invention
1s a parficle and fiber extraction technique using a continu-
ous method. Like the layered method, described above, the
continuous method entails preparing a paste 30 from a graft
material solution and an extractable filler, and layering the
paste 30 and an extractable fiber 36 onto a mandrel 32, as
shown 1n FIG. 2. However, 1 this method, the paste 30 1s
deposited onto the mandrel 32 simultaneously while the
extractable fiber 36, with or without a reinforcing, non-
extractable fiber, 1s wound onto the mandrel 32. As 1n the
layered method, the graft material solution 1s then precipi-
tated and the extractable fiber 36 and extractable filler are
extracted, either simultaneously or consecutively.

The above-described methods can also be used to produce
other 1tems, such as a biosynthetic, whole-root aortic valve
prosthesis.

While the embodiments of the invention described herein
are presently preferred, various modifications and improve-
ments can be made without departing from the spirit and
scope of the invention. The scope of the invention 1is
indicated by the appended claims, and all changes that fall
within the meaning and range of equivalents are itended to
be embraced therein.

We claim:

1. A vascular graft prosthesis comprising;:

an elastomeric polymeric tubular structure having a wall;
and helically oriented, interconnected transmural
ingrowth tubular channels formed from extractable
fiber 1n the tube wall.

2. The vascular graft prosthesis of claim 1 wherem the
tubular structure has an mternal diameter 1n a range of 1-20
mm.

3. The vascular graft prosthesis of claim 1 wheremn the
tubular structure has an internal diameter in a range of 2—6
mim.

4. The vascular graft prosthesis of claim 1 wherein the
diameters of the channels are 1n a range of 10-300 um.

5. The vascular graft prosthesis of claim 1 wherein the
diameters of the channels are 1n a range of 40-110 um.

6. The vascular graft prosthesis of claim 1 wherein the
clastomeric polymeric tubular structure comprises polyure-
thane.

7. The vascular graft prosthesis of claim 1 wherein the
clastomeric polymeric tubular structure comprises a seg-
mented aliphatic polyurethane.
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8. The vascular graft prosthesis of claim 1 wheremn the
clastomeric polymeric tubular structure comprises a material
sclected from the group consisting of Pellethane,
Chronotflex, Hydrothane, Estane, Elast-Eon, Texin, Biomer,
Surethane, Corethane, Carbothane, Techoflex, Tecothane
and Biospan.

9. The vascular prosthesis of claim 1 wherein substan-

tially all of the channels have diameters within 10 um.

10. The vascular prosthesis of claim 1 wherein the elas-
tomeric polymeric tubular structure comprises PTFE.

11. The vascular graft prosthesis of claim 1 wherein the
clastomeric polymeric tubular structure comprises ePTFE.

12. The vascular graft prosthesis of claim 1 wherein the
clastomeric polymeric tubular structure comprises Dacron.

13. The vascular graft prosthesis of claim 1 further
comprising reinforcing fibers 1n the elastomeric polymeric
tubular structure.

14. The vascular graft prosthesis of claim 13 wherem the
reinforcing fibers have diameters in a range of 10 to 100
micrometers.

15. The vascular graft prosthesis of claim 13 wherein the
fibers used to form the tube wall have diameters with a
standard deviation of less than 20 micrometers.

16. The vascular graft prosthesis of claim 13 wherein the
fibers used to form the tube wall have diameters with a
standard deviation of less than 10 micrometers.

17. The vascular graft prosthesis of claim 13 wherein the
reinforcing fibers comprise an elastic, non-degradable mate-
rial.

18. The remnforcing fibers of claim 17 further comprising
a material degradable 1 vivo.

19. The vascular graft prosthesis of claim 13 wherem the
reinforcing fibers comprise a non-elastic, non-degradable
material.

20. The remforcing fibers of claim 19 further comprising
a material degradable m vivo.

21. The remforcing fibers of claim 19 further comprising
an elastic, non-degradable material.

22. The remforcing fibers of claim 21 further comprising
a material degradable m vivo.

23. An aortic valve prosthesis comprising:

an elastomeric polymeric tubular structure having a wall;
and helically oriented, interconnected transmural

ingrowth tubular channels formed from extractable
fiber 1n the tube wall.
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